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NEW & NOTEWORTHY

Cardiac force production arises from myosin cross-bridge binding, which is regulated by Ca
2ϩ -activation and sarcomere length throughout a heartbeat. We show that myosin MgADP release rate slows with sarcomere length to prolong myosin attachment time, which enhances force production at longer sarcomere length and may contribute to the Frank-Starling relationship.
THE ACTIN-MYOSIN CROSS-BRIDGE interaction transforms chemical energy from ATP hydrolysis into mechanical energy to provide the force and shortening that is required for the heart to pump blood throughout the body. The capacity of myosin to generate force is regulated by thin-filament proteins and sarcomere length, both of which dictate the number of potential actinmyosin cross-bridge interactions during contraction. At the organ level, the Frank-Starling law of the heart links increased contractility with increased ventricular filling to dynamically accommodate contractile demand by modulating contractility on a beat-to-beat basis. Although considerable efforts have investigated the molecular underpinnings of this important physiological response over the past 40 -50 years (3, 10, 18, 26, 35, 36) , we still lack a detailed understanding of the molecular mechanisms that combine to facilitate this response.
A number of myofilament mechanisms could contribute to the Frank-Starling relationship, such as increased Ca 2ϩ -sensitivity of thin-filament activation (13, 14, 38, 41, 49, 56, 62) , reduced thick-to-thin filament surface distance (7, 15, 19, 31, 37, 44) , or varied myosin kinetics with sarcomere length (2, 17, 39, 47, 57) . These mechanisms contribute to the consistent observation that Ca 2ϩ -sensitivity of the force-pCa relationship (where pCa ϭ ϪLog 10 [Ca 2ϩ ]) increases as sarcomere length increases. In cardiac muscle, this is thought to arise from a couple forms of cooperativity that enhance thin-filament activation: increased Ca 2ϩ -affinity or opening of troponin-C as sarcomere length increases (27, 28, 41, 56, 65) and increased cross-bridge binding to stabilize or amplify thin-filament activation as sarcomere length increases (4, 16, 46) . The crossbridge contributions to thin-filament activation could become stronger as thick-to-thin filament spacing decreases with increasing sarcomere length (31, 37, 43, 56) , thereby enhancing the probability of cross-bridge binding at longer sarcomere length. Consistently, cross-bridge contributions to thin-filament activation could be enhanced by slower cross-bridge cycling rates at longer sarcomere length (1, 17, 24, 25, 39, 47, 53, 57) , although others have reported that sarcomere length does not affect cross-bridge kinetics (11, 23, 66) . These lengthdependent mechanisms of thin-filament activation and crossbridge binding likely combine to influence contractility throughout a heartbeat.
To address the hypothesis that cross-bridge contributions to the Frank-Starling relationship may arise from length-dependent effects on fundamental steps of the cross-bridge cycle, we used stochastic length-perturbation analysis to assess myosin kinetics at 1.9 and 2.2 m sarcomere lengths in skinned strips of rat papillary muscle. This method allows us to measure the stress-strain response across a broad frequency range in a muscle fiber during isometric contraction using a short burst of noise (60) . Frequency-dependent shifts in this stress-strain relationship that vary with sarcomere length arise from varied cross-bridge kinetics at fundamental steps in the cross-bridge cycle, such as phosphate release, MgADP release, or MgATP binding rates. We find that myosin MgADP release rate slows with increased sarcomere length to prolong the average myosin attachment duration (t on ) in skinned myocardial strips, which could be an intrinsic mechanism that enhances contractility and thin-filament activation at longer sarcomere lengths to facilitate the Frank-Starling response.
MATERIALS AND METHODS
Animal models. All procedures were approved by the Institutional Animal Care and Use Committee at Washington State University and complied with the Guide for the Use and Care of Laboratory Animals published by the National Institutes of Health. Adult male SpragueDawley rats (19 -24 wk) were acquired from Simonsen Laboratories (Gilroy, CA). Rats were anesthetized by isoflurane inhalation (3% volume in 95% O 2-5% CO2 flowing at 2 l/min), following which hearts were immediately excised and placed in pre-oxygenated Krebs-HEPES solution on ice.
Solutions for skinned myocardial strips. Chemicals and reagents were obtained from Sigma (St. Louis, MO) unless otherwise noted. Solution concentrations were formulated by solving equations describing ionic equilibria according to Godt and Lindley (20) 35 phosphocreatine, 300 U/ml creatine kinase, and 200 ionic strength (pH 7.0). The activating solution was the same as relaxing with pCa 4.8. The rigor solution was the same as activating solution without MgATP. The skinning solution was the same as relaxing without creatine kinase, with 1% Triton X-100 wt/vol and 50% glycerol wt/vol. The storage solution was the same as skinning without Triton, with 10 g/ml leupeptin. The alkaline phosphatase (AP) solution was the same as relaxing solution with 6 U/ml recombinant AP from E-coli (P-4252).
Skinned myocardial strips. Left ventricular papillary muscles were dissected from five hearts and pared down to thin strips (ϳ180 m in diameter and 700 m long). Strips were skinned overnight at 4°C and stored at Ϫ20°C for up to 1 wk. Aluminum T-clips were attached to the end of each strip, and strips were incubated for 10 min in AP solution at room temperature immediately before mechanical analysis. Strips were mounted between a piezoelectric motor (P841.40; Physik Instrumente, Auburn, MA) and a strain gauge (AE801; Kronex, Walnut Creek, CA), lowered into a 30 l droplet of relaxing solution, and stretched to 1.9 or 2.2 m sarcomere length measured by digital Fourier Transform (IonOptix Corp, Milton, MA). Strips were calcium activated from pCa 8.0 to pCa 4.8, following which rigor solution was exchanged for activating solution to titrate [MgATP] to Ͻ0.001 mM. Temperature was maintained at 17°C throughout all experiments. At least two strips from each heart underwent this experimental protocol at each sarcomere length, and thirteen strips were included for these analyses at 1.9 and 2.2 m sarcomere length.
Dynamic mechanical analysis. Stochastic length perturbations were applied for a period of 40 s similar to previously described measurements (60), using an amplitude distribution with a standard deviation of 0.05% muscle length over the frequency range 0.5-250 Hz. Elastic and viscous moduli, E() and V(), were measured as a function of angular frequency () from the in-phase and out-of-phase portions of the tension response to the stochastic length perturbation. The complex modulus, Y(), was defined as E() ϩ iV(), where i ϭ ͌-1. Fitting Eq. 1 to the entire frequency range of moduli values provided estimates of six model parameters (A, k, B, 2b, C, 2c):
The A-term in Eq. 1 reflects the viscoelastic mechanical response of passive, structural elements in the muscle and does not reflect any enzymatic behavior. The parameter A represents the combined mechanical stress of the fiber, and the parameter k describes the viscoelasticity of these passive elements, where k ϭ 0 represents a purely elastic response and k ϭ 1 is a purely viscous response (48, 51) . The B-and C-terms in Eq. 1 reflect enzymatic cross-bridge cycling behavior that produce frequency-dependent shifts in the viscoelastic mechanical response during Ca 2ϩ -activated contraction, which characterize work-producing and work-absorbing processes, respectively (6, 32, 50, 68) . From a physiological standpoint, therefore, the B-process stems from the muscle generating work throughout a length-perturbation (i.e., producing positive mechanical energy) and is associated with cross-bridge attachment or recruitment events that enhance force production and/or muscle shortening (6) . Consistently, the C-process stems from muscle absorbing mechanical energy throughout a length-perturbation and is associated with cross-bridge detachment events that diminish force production (50) . The parameters B and C represent the mechanical stress from the cross-bridges (i.e., number of cross-bridges formed ϫ their mean stiffness), and the rate parameters 2b and 2c reflect cross-bridge kinetics that are sensitive to biochemical perturbations affecting enzymatic activity, such as [MgATP] , [MgADP] , or [Pi] (42) . Molecular processes contributing to cross-bridge attachment or force generation underlie the cross-bridge attachment rate, 2b, and processes contributing to cross-bridge detachment or force decay underlie the cross-bridge detachment rate, 2c. Cross-bridge detachment rate is inversely related to the average myosin attachment time, ton ϭ (2c)
Ϫ1 (50) . Stochastic system analysis provided a portrait of cross-bridge kinetics as a function of [MgATP] under maximally activated conditions. Assuming that the average myosin ton in a skinned strip under these conditions is composed of the myosin-ADP and myosin-rigor states, the cross-bridge detachment rate, 2c, can be described by 2c
As explained in detail by Tyska and Warshaw (63) and implemented in our previous publications (61, 64) Statistical analysis. All values are means Ϯ SE. Constrained nonlinear least squares fitting of Eqs. 1 and 2 to the data was performed using sequential quadratic programming methods in Matlab (v 7.9.0; The Mathworks, Natick, MA). Student's t-tests were used to examine differences between sarcomere length for most variables using Matlab and SPSS (IBM Statistics, Chicago, IL). MgATPdependent parameter estimates from modulus data fit to Eq. 1 were analyzed using linear mixed models with MgATP as the repeated measure, followed by a least significant difference post hoc comparison of the means using SPSS. Statistical significance is reported at P Ͻ 0.05. (Fig. 2) . Specifically, elastic moduli values were greater for 2.2 m sarcomere length fibers across the entire frequency range, and viscous moduli values were greater for 2.2 m sarcomere length at frequencies greater than 8.5 Hz. Under rigor conditions (pCa 4.8 and Ͼ0.001 mM MgATP), viscous and elastic moduli values did not differ at any individual frequency between the two sarcomere lengths. Moreover, there was a large increase in viscoelastic mechanical stiffness of the myocardium at rigor versus relaxed conditions, which illustrates the cross-bridge contribution to myofilament viscoelasticity from strong cross-bridge binding. These relaxed and rigor data combine to illustrate three characteristics of the skinned myocardial strips. First, the increased viscoelastic mechanical stiffness at longer sarcomere length that occurs under relaxed conditions suggests that this difference stems from passive elements of the sarcomere being stretched or extended more at 2.2 vs. 1.9 m sarcomere length (i.e., titin and collagen) (21) . Second, similar moduli values under rigor conditions indicate similar levels of cross-bridge binding during rigor for both sarcomere lengths. Finally, there were no measurable differences in cross-bridge stiffness between the two sarcomere lengths (calculated as the difference between rigor and relaxed moduli values; data not shown), demonstrating that bound cross-bridges exhibit similar viscoelastic mechanical characteristics under rigor conditions at both sarcomere lengths.
RESULTS
Myocardial strips show greater passive tension and increased
At maximal calcium activation (pCa 4.8) and 5 mM MgATP, elastic moduli values were greater for myocardial strips stretched to 2.2 m sarcomere length at frequencies greater than 12 Hz (Fig. 3A) . Viscous moduli values were greater between 4 and 13 Hz for myocardial strips stretched to 2.2 vs. 1.9 m sarcomere length (Fig. 3B) . The increased magnitude of the moduli values at 2.2 m sarcomere length demonstrates increased myocardial viscoelasticity that longer sarcomere length that arises from greater cross-bridge binding at 2.2 vs. 1.9 m sarcomere length, greater stretch or distortion of passive elements of the sarcomere as force develops at 2.2 vs. 1.9 m sarcomere length (i.e., myofilaments, titin, and collagen), and prolonged cross-bridge attachment at 2.2 vs. 1.9 m sarcomere length that effectively appears as increased cross-bridge binding to augment moduli values. Although all these mechanisms contribute to elevated myocardial viscoelasticity at 2.2 m sarcomere length, our measurements suggest that greater cross-bridge binding at 2.2 vs. 1.9 m sarcomere length is the primary source for increased myocardial viscoelasticity at 2.2 m sarcomere length, since the magnitudedifference in elastic and viscous moduli values between the two sarcomere lengths is larger at maximally activated conditions (Fig. 3, A and B) versus relaxed conditions (Fig. 2, A and  B ). This interpretation is also supported by the elevated devel- oped tension measurements at longer sarcomere length under maximally activated conditions (Fig. 1B) .
In addition, the moduli-frequency relationships are shifted toward lower frequencies for the 2.2 m sarcomere length measurements at maximally activated conditions (Fig. 3, A and  B) . As a whole, the characteristic peaks and dips in these moduli-frequency relationships indicate a broad metric of cross-bridge cycling kinetics, where a shift toward lower frequencies in these relationships demonstrates slower crossbridge cycling and a shift toward higher frequencies demonstrates faster cross-bridge cycling. An example of this frequency shift is highlighted by the vertical lines in Fig. 3B for the viscous moduli versus frequency relationships, which show a peak value at 12 Hz for 2.2 m sarcomere length and a peak value at 16 Hz for 1.9 m sarcomere length. This shift toward lower frequencies in the moduli-frequency response indicates slower cross-bridge cycling for the myocardial strips at 2.2 m sarcomere length compared with the strips at 1.9 m sarcomere length.
Consistently, there was a shift toward lower frequencies in the moduli-frequency relationships for both sarcomere lengths as [MgATP] decreased from 5 to 0.25 mM at pCa 4.8 (Fig. 3,  C and D) . This frequency shift demonstrates slowed crossbridge cycling at 0.25 mM vs. 5 mM MgATP, as would be expected due to the prolonged time that myosin occupies the rigor state before binding MgATP at 0.25 mM MgATP. Under these conditions, myocardial strips stretched to 2.2 m sarcomere length had greater elastic moduli values at frequencies greater than 5 Hz (Fig. 3C ) and greater viscous moduli values between 3 and 5 Hz (Fig. 3D ). Again these elevated moduli values stem from greater cross-bridge binding at 2.2 vs. 1.9 m sarcomere lengths, even at 0.25 mM MgATP. The modulifrequency relationships at 0.25 mM MgATP were also shifted toward lower frequencies at 2.2 m vs. 1.9 m sarcomere lengths, with the peak viscous moduli value occurring at 5.5 Hz at 2.2 m sarcomere length and at 9.5 Hz at 1.9 m sarcomere length (Fig. 3D) . Thus, the frequency shift in the modulifrequency relationships continues to demonstrate slower crossbridge cycling for the myocardial strips at 2.2 m sarcomere length compared with the strips at 1.9 m sarcomere length, even at a relatively low, subphysiological [MgATP] .
Myosin cross-bridges release MgADP more slowly at longer sarcomere length. Maximally activated (pCa 4.8) moduli values were fit to Eq. 1 to extract model parameters related to myocardial viscoelasticity, cross-bridge binding, and crossbridge kinetics from 0.05 to 5 mM MgATP. Model parameters are plotted against [MgATP] in Fig. 4 (Fig. 4, A, C, and E) . There was also an interaction between [MgATP] ϫ sarcomere length for A, showing a greater increase in the magnitude of A as [MgATP] decreased at 2.2 m sarcomere length (Fig. 4A) . These MgATP-dependent increases correspond to a greater number of bound cross-bridges being attached longer at 2.2 vs. 1.9 m sarcomere length, which enhances viscoelastic myocardial stiffness as [MgATP] decreased. As introduced above, the length-dependent increases in B and C indicate greater cross-bridge binding at 2.2 vs. 1.9 m sarcomere length, rather 
than any differences in cross-bridge stiffness, because elastic and viscous moduli values did not differ under rigor conditions.
As [MgATP] decreased, k values also decreased and the magnitude of k was less for 2.2 vs. 1.9 m sarcomere length, with significant effects of MgATP and sarcomere length ( ϫ sarcomere length interaction suggests that the length-dependent increases in cross-bridge binding that enhance myocardial elasticity at 2.2 m sarcomere length are greatest at 5 mM MgATP and diminish as [MgATP] was titrated toward rigor conditions. However, a portion of this response also stems from slower cross-bridge cycling at 2.2 m, which could enhance the apparent elasticity of the myocardium at 2.2 vs. 1.9 m sarcomere length and would contribute most greatly to this response at high [MgATP] where kinetics differ most greatly between the two sarcomere length (Fig. 4F) .
As [MgATP] decreased the cross-bridge attachment rate (2b; Fig. 3D ) and detachment rate (2c; Fig. 4F ) also decreased. There was not a significant effect of sarcomere length on the rate of cross-bridge attachment. In contrast, the rate of cross-bridge detachment was slower at 2.2 vs. 1.9 m sarcomere length. Cross-bridge detachment rate was also more sensitive to variations in MgATP at 1.9 m sarcomere length than 2.2 m sarcomere length (P Ͻ (Fig. 4F) .
Fitting the 2c-MgATP relationship to Eq. 2 links crossbridge detachment rate with fundamental steps of the crossbridge cycle, specifically the cross-bridge rate of MgADP release (k -ADP ), and the cross-bridge rate of MgATP binding (k ϩATP ) (61, 64) . These fits (solid lines, Fig. 4F ) demonstrate that the slowed cross-bridge detachment rate at 2.2 m sarcomere length stems from a slower MgADP release rate, since MgATP binding rates were not statistically different between both sarcomere lengths ( Table 2 ). These findings indicate that increasing sarcomere length from 1.9 to 2.2 m slowed MgADP release rate by 45% in myocardial strips from rat papillary muscles. This slowed MgADP release rate increased cross-bridge attachment time (t on ϭ 1/2c) by 70% at 2.2 m compared with 1.9 m sarcomere length (Fig. 5) . 
Length-dependent effects on cross-bridge kinetics decreased
at submaximal pCa levels. During physiological contraction, intracellular [Ca 2ϩ ] and sarcomere length are dynamic variables that change throughout a heartbeat. To extrapolate our findings from maximally activated Ca 2ϩ conditions toward lower Ca 2ϩ conditions that exist in the heart during physiological contraction, we compared stochastic length-perturbation measurements near the pCa 50 value for each sarcomere length where developed tension levels were similar (Fig. 6 ). At these matched tension levels, elastic and viscous moduli values were not different between the two sarcomere lengths, but the characteristic peaks and dips in these moduli-frequency relationships were shifted toward lower frequencies for 2.2 vs. 1.9 m sarcomere length. The peak viscous moduli values occurred at 13 Hz for 2.2 m sarcomere length and at 16 Hz for 1.9 m sarcomere length, which broadly demonstrates slower cross-bridge cycling at 2.2 vs. 1.9 m sarcomere length that is consistent with observations under maximally activated conditions (Fig. 3, A and B) .
When compared with the results at pCa 4.8, these moduli values near pCa 50 have a lower magnitude and higher variance. These differences stem from less cross-bridge binding at submaximal pCa levels, which reduces tension and the signal-tonoise ratio in our stochastic length-perturbation measurements. The frequency-dependence of the elastic and viscous moduli is similar between pCa 5.4 and pCa 4.8 at 1.9 m sarcomere length, which suggests that myosin kinetics were similar at submaximal and maximally activated conditions for this shorter sarcomere length. However, there was a small shift toward higher frequencies in the moduli-frequency response at pCa 5.5 vs. pCa 4.8 at 2.2 m sarcomere length, which suggests a slight increase in cross-bridge cycling kinetics at submaximal pCa levels for this longer sarcomere length.
These moduli values at submaximal pCa (Fig. 6) were fit to Eq. 1 to extract model parameters related to myocardial viscoelasticity, cross-bridge binding, and cross-bridge kinetics (Table 3) . Consistent with the findings at pCa 4.8, A was greater and k was smaller at 2.2 vs. 1.9 m sarcomere length at these submaximal pCa levels. Again this demonstrates the viscoelastic myocardial stiffness was greater, and showed a more elastic response, at 2.2 m sarcomere length, which is consistent with greater extension or stretch of the passive elements of the sarcomere at longer sarcomere length. Overall, B and C were smaller for both sarcomere lengths at these submaximal pCa levels, compared with the values at maximally activated conditions. The reduced magnitude of these parameter values follows from reduced cross-bridge binding at submaximal pCa levels, as would be expected. Interestingly, the values of both B and C were greater for 1.9 m sarcomere length at pCa 5.4 vs. 2.2 m sarcomere length at pCa 5.5, which indicates there was greater cross-bridge binding for 1.9 m sarcomere length at pCa 5.4. This slight increase in cross-bridge binding for 1.9 m sarcomere length at pCa 5.4 is consistent with a slightly elevated developed tension under these conditions, in comparison with the developed tension at 2.2 m sarcomere length at pCa 5.5 (Fig. 1B) . Rates of cross-bridge attachment (2b) and detachment (2c) were similar at 1.9 m sarcomere length for pCa 5.4 (Table 3 ) and pCa 4.8 (Fig. 4, D and F) , suggesting that cross-bridge cycling kinetics were not affected by decreases in [Ca 2ϩ ] at 1.9 m sarcomere length. In contrast, cross-bridge attachment rate decreased and cross-bridge detachment rate increased for 2.2 m sarcomere length at pCa 5.5 vs. pCa 4.8 (Fig. 4, D and F) , suggesting that reductions in thin-filament activation at submaximal pCa levels influence cross-bridge kinetics at 2.2 m sarcomere length. Therefore, t on was roughly 15% longer at 2.2 vs. 1.9 m sarcomere length at these submaximal pCa values (18.26 Ϯ 0.71 ms vs. 15.97 Ϯ 0.74 ms; P ϭ 0.042) versus the ϳ70% increase for 2.2 vs. 1.9 m sarcomere length at pCa 4.8 (27.02 Ϯ 1.84 vs. 16.12 Ϯ 1.18; P Ͻ 0.001) that is illustrated in Fig. 5 . Altogether these findings show that sarcomere length-dependent effects on cross-bridge kinetics persist at submaximal pCa levels, although the kinetic differences are not as great at submaximal pCa conditions compared with maximally activated conditions.
DISCUSSION
We find that myosin cross-bridge cycling slows as sarcomere length increases, and this slowing is predominantly driven by slower cross-bridge MgADP release rate at 2.2 vs. 1.9 m sarcomere length in skinned papillary muscle strips from rats. These data also show that myosin attachment time (t on ) increases at longer sarcomere length, which may amplify cross-bridge contributions to thin-filament activation and augment force production at longer sarcomere lengths. Consistently, shorter t on values may promote thin-filament deactivation and enhance relaxation dynamics at shorter sarcomere lengths. Length-dependent effects on cross-bridge kinetics were greater at maximal (pCa 4.8) versus submaximal (pCa 5.5-5.4) activation levels, with submaximal activation having a minimal influence on cross-bridge kinetics at 1.9 m sarcomere length and some influence on cross-bridge cycling kinetics at 2.2 m sarcomere length. Thus thin-filament activation may affect cross-bridge attachment and detachment rates differently since sarcomere length varies throughout a heartbeat. Altogether, this study further demonstrates that length-dependent cross-bridge kinetics may contribute, in part, to the FrankStarling relationship in the heart.
Cross-bridge contributions to thin-filament activation. As sarcomere length increased from 1.9 to 2.2 m at maximally activated conditions (pCa 4.8 and 5 mM MgATP), t on increased Ϸ70%, from 16 to 27 ms at 17°C. At submaximal activation levels near the pCa 50 value of the tension-pCa relationship for 1.9 and 2.2 m sarcomere length, t on increased Ϸ15%, from 16 to 18 ms, due to an increased cross-bridge detachment rate at pCa 5.5 vs. pCa 4.8 for the longer sarcomere length. These findings support the idea that strongly bound cross-bridges could augment or amplify force production at submaximal pCa levels by stabilizing thin-filament activation in the open state (45) . Our force-pCa relationships ( Fig. 1) and myosin kinetics data (Figs. 4 -6 and Table 3) suggest that the cooperative contribution to thin-filament activation from strongly bound cross-bridges increases with sarcomere length. Previous studies have linked greater Ca 2ϩ -affinity of troponin C and/or greater opening of the NH 2 -terminus of troponin C with increases in strong cross-bridge binding (27, 41, 56, 65) , and our findings imply this cooperative activation pathway may become stronger at longer sarcomere lengths. Thus sarcomere length-dependent slowing of cross-bridge detachment could prolong t on , thereby representing an intrinsic feedback mechanism at the myosin motor per se that could augment force production and thin-filament activation at longer sarcomere lengths.
Tension development rates versus nucleotide handling rates. The majority of studies investigating sarcomere length-dependent cross-bridge kinetics have used relatively large amplitude release-restretch protocols to assess the cross-bridge rate of tension redevelopment (k tr ), in comparison with the low amplitude strains used for stochastic length perturbation analysis (Ͻ0.15% muscle length). Slower k tr values have been observed at longer sarcomere length (1, 24, 39, 47, 53, 57) , whereas others studies saw no change in k tr with sarcomere length (11, 23) . Stelzer and Moss (57) also used a 1% step-stretch protocol to measure a ϳ50% slowing of the cross-bridge detachment rate and no change in attachment rate as sarcomere length increased from 1.9 to 2.25 m in maximally activated mouse myocardial strips. We found no effect of sarcomere length on the rate of cross-bridge attachment (2b) as [MgATP] varied, but slowed cross-bridge detachment (2c) as sarcomere length increased (Fig. 4) , which agrees well with the step-stretch kinetics measured by Stelzer and Moss (57) . Because k tr is thought to be a summation of the cross-bridge attachment and cross-bridge detachment rates (5), our data support the idea that k tr decreases with sarcomere length due to slowed crossbridge detachment rate with an insignificant or minimal change in cross-bridge attachment rate (1, 57 Table 2 ). However, there was a significant SL ϫ MgATP interaction term for cross-bridge detachment rate (P Ͻ 0.001 for 2c; Fig. 4F ), which likely stems from the greater overall slowing of cross-bridge detachment rate as [MgATP] decreased at 1.9 m sarcomere length. Therefore, we conclude that slowed MgADP release rate is the predominate step of the cross-bridge cycle that is responsible for the length-dependent increase in t on (Fig. 5B) .
Cross-bridge detachment rate and t on values become saturated at [MgATP] above 2.5 mM (Fig. 4F and Fig. 5 ), and we expect that cross-bridges would be operating near saturating MgATP levels in a working heart. At these [MgATP] , the duration of cross-bridge binding events becomes dominated by the cross-bridge detachment rate, which is closely linked to the cross-bridge rate of MgADP release. Because the rate that cross-bridges bind MgATP is a second order process, it will be affected by [MgATP] , but [MgATP] has to become quite low to affect t on as much as MgADP release rates. Even at 2.5 mM MgATP, cross-bride rates of MgATP binding are an order of magnitude faster (Ϸ900 and 750 s Ϫ1 for 1.9 and 2.2 m sarcomere lengths) than MgADP release rates (Table 2) . One can estimate the [MgATP] that is required for cross-bridges to spend equal time in the MgADP state (t -ADP ; Table 2 ) and in the rigor state waiting for MgATP to bind (t ϩATP ): t ϩATP ϭ 1/(k ϩATP ϫ [MgATP]), which would occur at Ϸ206 and 137 M MgATP for 1.9 and 2.2 m sarcomere lengths at maximally activated conditions. Although the duration of time that a bound cross-bridge spends in the MgADP-Pi, MgADP, and rigor state can be estimated from our measurements, as illustrated in Fig. 5 , the cross-bridge spends most of its time waiting for MgADP to dissociate at [MgATP]Ն2.5 mM. Therefore, it is primarily the rate of MgADP release that dominates the kinetics of a cross-bridge binding event at saturating MgATP levels in cardiac muscle strips.
The length-dependent cross-bridge kinetics that we acquired at 17°C can be extrapolated toward the physiological temperature of 37°C by accounting for the approximate sixfold change in the frequency-dependence of the moduli-frequency relationships that occurs with a 20°C increase in temperature in skinned murine myocardial strips (50) . Therefore, myosin detachment kinetics would increase and estimated t on values would decrease, as t on ϭ (2c)
Ϫ1
, but the relative increases in t on as sarcomere length increases from 1.9 to 2.2 m would remain similar. Estimated t on values at physiological temperature would be roughly 2.5 and 4.2 ms for 1.9 to 2.2 m sarcomere lengths at maximally activated conditions (ϭpCa 4.8 and 5 mM MgATP; Fig. 4F ), maintaining the 70% increase in cross-bridge attachment time at the longer sarcomere length. Similarly, estimates of t on at submaximal pCa levels ( Fig. 6 and (Table 2) than with these prior measurements, although the order of magnitude was similar among each respective set of nucleotide handling rates in both studies. We have illustrated some systematic differences between sinusoidal-and stochastic-length perturbation analysis, although the differences are relatively small when oscillatory amplitude distribution, frequency range, sampling frequency, solution conditions, and experimental equipment are matched among single muscle fibers (60) .
Myofilament viscoelasticity as sarcomere length increased. The viscoelastic stiffness characteristics of the myocardium that arise from passive elements of myofilament lattice are augmented at 2.2 vs. 1.9 m sarcomere length. This arises in the measured tension values (Fig. 1A) as well as elastic and viscous moduli values (Fig. 2) under relaxed conditions. These responses are primarily attributed to extension of titin and collagen as myocardial strips were stretched to 2.2 m (21). However, under rigor conditions there were not significant differences in the viscoelasticity of the myocardium between the two sarcomere lengths, which also suggests no differences in cross-bridge stiffness between the two sarcomere lengths. The viscoelastic differences between relaxed and rigor conditions indicate considerable cross-bridge contributions to the passive mechanical characteristics of the myocardium in rigor, showing that the cross-bridge component dominates the titin and collagen contributions to myocardial viscoelasticity in rigor.
Because the fiber was maximally activated to pCa 4.8, the contributions to myocardial viscoelasticity are composed of passive (A-process) and dynamic elements (B-and C-processes), which arise from passive elements (i.e., titin, collagen, myofilaments) and enzymatic elements (i.e., cycling crossbridges) within the myocardium (Fig. 4) . Similar to the measurements under relaxed conditions, this increased A value under activated conditions is primarily due to greater titin and collagen extension/stretch at longer sarcomere length. The magnitudes of B and C were also greater at 2.2 vs. 1.9 m sarcomere length, indicating greater cross-bridge binding at longer sarcomere length. A portion of this increased crossbridge contribution to myocardial viscoelasticity could stem from kinetic differences between 2.2 vs. 1.9 m sarcomere length, such that longer t on values at longer sarcomere length effectively show up as greater cross-bridge binding. Altogether, these data demonstrate increased viscoelastic stiffness characteristics for maximally activated myocardial strips at 2.2 vs. 1.9 m sarcomere length due to greater titin and collagen extension and greater cross-bridge binding at 2.2 m sarcomere length.
Physical factors affecting cross-bridge kinetics throughout a heartbeat. The finding that slower cross-bridge MgADP release rate prolongs t on as sarcomere length increases is consistent with our previous observations that cross-bridge cycling slows as thick-to-thin-filament spacing decreased in insect flight muscle (59) . Cross-bridge cycling also slowed as thickto-thin filament spacing decreased in vertebrate and invertebrate muscle fibers that were osmotically compressed with Dextran (33, 40, 56) . Similarly, increases in sarcomere length have been shown to decrease thick-to-thin filament spacing and slow cross-bridge kinetics in skinned (1) and intact (47) cardiac muscle preparations. However, Konhilas et al. (37) demonstrated that similar decreases in myofilament lattice spacing from increased osmotic compression versus increased sarcomere length did not produce similar increases in Ca 2ϩ -sensitivity of the tension-pCa relationship, although they did not report any measure of cross-bridge kinetics. Although is it clear that thick-to-thin filament spacing values are known to differ between skinned muscle fibers and intact or in vivo muscle preparations (31, 37, 43, 56) , myofilament lattice spacing consistently decreases with increased sarcomere length among all of these preparations. Therefore, increases in sarcomere length will accompany decreases in thick-to-thin filament spacing to some degree, both of which represent structural changes to the myofilament lattice architecture that could enhance the probability of cross-bridge binding and contribute to slower cross-bridge detachment at longer sarcomere length.
Reductions in lattice spacing that concomitantly occur with increased sarcomere length could also alter the volumetric constraints experienced by a myosin head throughout the cross-bridge cycle. These constraints could influence straindependent cross-bridge cycling kinetics (as further discussed below) as well as the micro-environment solution conditions in which a myosin cross-bridge operates. The ϳ5% decrease in lattice spacing at 0% dextran that was reported by Konhilas et al. (37) (44 vs. 42 nm between 1.9 and 2.2 m sarcomere lengths) would produce a ϳ10% reduction in solution volume surrounding a thick-filament and the associated six thin-filaments with which it may bind. Thus it is possible that slowed MgADP release at longer sarcomere length could be affected by MgADP accumulation in the micro-environment directly surrounding a thick-filament due to a slight reduction in solution volume as lattice spacing decreases. However, we attempt to mitigate reduced intrafibrillar [MgATP] or increased intrafibrillar [MgADP] during an experiment via relatively high concentrations of phosphocreatine (30 mM) and creatine kinase (300 U/ml) that should adequately maintain saturating MgATPase rates in a muscle fiber (8) . Although we do not directly measure cross-bridge MgATPase, we do not think any aberrant accumulation of MgADP would result from faster MgATPase rates at 2.2 vs. 1.9 m sarcomere length, since our data supports the idea that myosin duty ratio increases and MgATPase decreases at the longer sarcomere length.
Given that reductions in myofilament lattice spacing between 1.9 and 2.2 m sarcomere lengths may not solely underlie the length-dependent cross-bridge kinetics that we observe, it is possible that structural changes to the myofilament lattice could also affect strain-dependent or load-dependent cross-bridge transition rates (22, 29, 30, 54, 55) . As myofilament lattice spacing dynamically changes throughout a heartbeat, slowed MgADP release rate and prolonged t on could augment contractility at longer sarcomere lengths, as systole begins. As the heart contracts and sarcomere length decreases, faster MgADP release and reduced t on could favor relaxation function and ventricular refilling during diastole. Decreases in lattice spacing at longer sarcomere length could favor the probability of cross-bridge binding and enhance the ability to remain bound longer, which could translate into greater force production at longer sarcomere length (63) . Perhaps a slower MgADP release rate enables cross-bridges to bear higher loads or generate greater forces before detaching from actin at longer sarcomere length (22, 54) .
A complementary strain-dependent argument could be constructed for increases in myofilament lattice spacing that occur at shorter sarcomere lengths, which contributes to faster MgADP release rates and shorter t on values at short sarcomere length. Perhaps increases in lattice spacing diminish the probability of cross-bridge binding and enhance strain borne by a cross-bridge while bound to actin, thereby enhancing crossbridge detachment. This would be consistent with faster MgADP release rates that we observed, if cross-bridges generated lower forces or bore less force at short sarcomere length (22, 54) . However, this argument is not entirely consistent with distortion-dependent cross-bridge theory that links greater cross-bridge distortion with greater cross-bridge strain, thereby leading to greater force production at a fixed cross-bridge stiffness value (9, 12, 29, 30, 52, 58) . Recent experimental and computational studies showing nonlinear cross-bridge stiffness characteristics and varied contributions to radial versus longitudinal cross-bridge force production also suggest that further studies are required to illustrate a clear relationship between cross-bridge distortion and strain-dependent cross-bridge transition rates (34, 67) . Nonetheless, the current study demonstrates that cross-bridge MgADP release varies with sarcomere length, which could enhance systolic contraction as well as diastolic relaxation throughout a heartbeat.
Conclusions
Changes in sarcomere length affect many processes related to thin-filament activation, cross-bridge force production, and contractile deactivation throughout a heartbeat. Our findings show that increasing sarcomere length slows myosin MgADP release rate, prolongs myosin attachment duration, and enhances cross-bridge binding. These changes in cross-bridge kinetics and binding could enhance force generation and stabilize the open or active state of troponin to increase contractility at longer sarcomere lengths. Conversely, faster crossbridge detachment and diminished cross-bridge binding at short sarcomere lengths could promote relaxation during diastole. Therefore, length-dependent changes in myosin MgADP release rate may be a molecular mechanism that is fundamental to the Frank-Starling law of the heart.
